The second half of May 2019 was an unusually active period for tornadic thunderstorms across the U.S. Great Plains, Midwest, and lower Great Lakes. While this period typically coincides with the peak climatological frequency of tornadoes, preliminary reports of tornadoes were over triple the expected 30-year average. Multiple-day outbreaks of tornadoes are not unprecedented in the United States; however, this event was perhaps the first to be forecast at subseasonal lead times (3-4 weeks) by the Extended Range Tornado Activity Forecast team. This forecast of opportunity was driven, in part, by anomalous convective forcing in portions of the tropical Indian and Pacific Oceans, causing subsequent changes in Northern Hemisphere atmospheric angular momentum. This manuscript analyzes the evolution of hemispheric-scale circulation features leading up to the event, examines teleconnection processes known to influence U.S. tornadoes, and provides insights into the forecast process at subseasonal lead times. Key Points: • Tornado frequencies during the last half of May 2019 were over three times the climatological average • This extended period of favorable tornado conditions were successfully forecast nearly 4 weeks in advance • Changes in atmospheric angular momentum associated tropical convection appear to have created this forecast of opportunity
Introduction
The period 17-29 May 2019 was among the most active periods of severe weather the United States has seen in years. While 2019 data are still preliminary, at least 374 tornadoes occurred during this 13-day stretch, more than tripling the 1986-2018 average for this period of 107. In total, 757 tornado warnings were issued by the National Oceanic and Atmospheric Administration (NOAA)'s National Weather Service, with seven fatalities reported (Figure 1 ). This late-May period contributed significantly to the second highest monthly (E)F1+ tornado count (220) on record for May since reliable tornado counts began in the early 1950s, behind only May 2003.
The main synoptic-scale driver of this favorable pattern for tornadic storms was a semipermanent upper-level cyclone across the western contiguous United States (CONUS). This western CONUS trough, in tandem with a downstream eastern CONUS ridge, helped sustain southwesterly midtropospheric and upper-tropospheric flow throughout the period of interest. In fact, several days during the outbreak exhibited observed 250-hPa winds at or above 50 m/s. This synoptic weather regime is recognized as one of the most effective at generating supercell thunderstorms, since it often juxtapositions abundant and deep lower-tropospheric moisture from the Gulf of Mexico, strong tropospheric wind shear, and steep midtropospheric lapse rates (Doswell III, 1987; Mercer et al., 2012; Schultz et al., 2014) . These atmospheric ingredients are not uncommon in the month of May across the United States. In fact, multiday episodes of tornadoes, such as those of late May 2019, are not unprecedented in U.S. tornado history (e.g., the prolific tornadoes of 3-11 May 2003; Hamill et al., 2005; Trapp, 2014) . What made this particular event unique is that the synoptic-scale conditions favorable for tornadic storms were successfully forecast nearly 4 weeks in advance by the Extended Range Tornado Activity Forecast (ERTAF) team. This forecast lead window includes early portions of the subseasonal forecast period (2 weeks to 2 months) and has recently become an important area of focus for research and operations (Robertson et al., 2015; White et al., 2017) . The primary goal herein is to analyze the event from a weather-climate linkage perspective, with particular focus on some known indicators of atmospheric variability associated with subseasonal severe weather modulation across the United States. Data and techniques that were leveraged to make such a prediction, which was perhaps the first of its kind for severe convective storms, provided the motivation for this study. The leading modes of subseasonal variability associated with U.S. tornadoes are supported by a rapidly growing body of literature. Several studies in recent years have focused on the role of the Madden-Julian Oscillation (MJO; Madden & Julian, 1971 ) as a driver of tornado and hail activity (Barrett & Gensini, 2013; Barrett & Henley, 2015; Baggett et al., 2018; Thompson & Roundy, 2012; Tippett, 2018) via eastward jet stream extensions and Rossby wave perturbations in response to tropical convection (Moore et al., 2010) . Still other studies in recent years have focused on the Global Synoptic Dynamic Model (GSDM; Weickmann & Berry, 2007) , which is a dynamical framework underpinned by the Global Wind Oscillation (GWO; Weickmann & Berry, 2009 ) that considers both the role of tropical variability (including the MJO) and midlatitude processes in modulating severe weather activity (Gensini & Marinaro, 2016; Gensini & Allen, 2018; Moore, 2018) .
Results from these works indicate that both MJO and GWO have statistically favorable and unfavorable phases for U.S. tornado and hail frequency. In addition, recurring modes within both oscillations occasionally provide enhanced predictability of future potential for severe weather frequency. Careful monitoring of such oscillations enabled ERTAF forecasters to leverage these signals in real time, allowing for the anticipation of conditions favorable for the extended period of severe weather in May 2019 nearly 4 weeks in advance. This prediction is especially notable given the preseason expectation of below-average frequencies of U.S. tornadoes due to the presence of weak El Niño conditions in the tropical Pacific Ocean .
The remainder of this article is organized as follows: data used for the analysis are presented in section 2; the subseasonal evolution of different signals that led to the synoptic-scale events of May 2019 is described in section 3; and conclusions from the analysis and discussion of the significance of this event are presented in section 4.
Data
Synoptic atmospheric conditions were analyzed using isobaric data from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996) . Atmospheric angular momentum (AAM) was calculated from the NCEP/NCAR reanalysis using the native T62 Gaussian grid, which has 28 vertical sigma levels. AAM was calculated using 4 times daily averages of zonal wind via the following formula: where a is Earth's radius, g is the gravitational constant, is latitude, is longitude, u is zonal wind speed, and p is pressure. AAM tendency was calculated using a fourth-order centered finite difference following Weickmann and Berry (2009) . Synoptic anomaly fields were calculated using averages from the 1981-2010 period, and AAM anomalies were calculated using the period 1968-1996. Amplitude and phase of the MJO were obtained from the Australian Bureau of Meteorology (Wheeler & Hendon, 2004 ) and outgoing longwave radiation was obtained from the NCAR/NOAA interpolated dataset (Liebmann & Smith, 1996) . Finally, tornado warnings issued by NOAA's National Weather Service were obtained from the Iowa State University weather warning archive.
Results

Event Summary: Synoptic Pattern
One of the most active periods of severe storms in U.S. history began on 17 May 2019 as a shortwave trough approached the Great Plains from the Great Basin. From 17 May onward, repeated days of severe weather, including several tornado outbreaks (Verbout et al., 2006) , occurred as upper-tropospheric southwesterly flow remained persistent over the Great Plains (Figure 2a ), with average 300-hPa winds during the period greater than 40 m/s. At 500 hPa, the mean negative geopotential height anomaly for the period was greater than 125 m over a large area covering the western CONUS. A persistent warm sector over the plains was characterized by vertically deep (≥2 km above ground level), anomalously rich boundary layer moisture ( Figure 2c ) and warm temperatures, both of which contributed to moderate-extreme levels of convective available potential energy. In addition, sea surface temperatures in the Gulf of Mexico for the 5-week period leading up to this event were at or above normal, providing a source of boundary layer moisture (Molina & Allen, 2019) . Another notable feature of this persistent period of tornado activity was multiple days with relatively weak capping inversions associated with below-average elevated mixed layer temperatures. This promoted high spatial concentrations of severe storms that, given the favorable atmospheric parameters, were able to produce a substantial number of tornadoes.
Event Evolution: Subseasonal Pattern
ERTAF began in spring 2015 motivated by the realization that patterns favorable for severe weather can sometimes be predicted at extended lead times (7+ days), beyond the typical range at which numerical weather prediction (NWP) models have useful skill at predicting atmospheric ingredients favorable for tornadoes (Gensini & Tippett, 2019; Zhang et al., 2019) . These occasional forecasts of opportunity are made possible by catching the emergence of coherent subseasonal signals within the GSDM framework and using the time scales typical of these processes to anticipate the development of regional circulation anomalies favorable for tornadoes, such as those that developed in May 2019. Tippett, 2018) . As an MJO event evolves over a 40-to 60-day cycle, tropical convection along the equator propagates eastward from the Indian Ocean toward the Pacific. Such propagation was clearly evident in outgoing longwave radiation anomalies (Figure 3 ) over the 4 weeks leading up to this event. Dynamically, latent heat release results in the formation of an anomalous anticyclone to the northwest of the convection, leading to an intensification of the upper-tropospheric zonal winds to the anticyclone's north (Moore et al., 2010) . As the MJO perturbation propagates eastward forcing convection, the net result is an extension of a strong upper-tropospheric jet into the midlatitudes of the central Pacific. When a blocking anticyclone is in place over the eastern North Pacific ocean, this jet extension eventually leads to wave breaking over western North America. It is this wave breaking, and subsequent troughing over the U.S., that links the tropical MJO to U.S. tornado frequency (Barrett & Gensini, 2013; Baggett et al., 2018; Thompson & Roundy, 2012; Tippett, 2018) . The predictability of the MJO convection as it moves east from the Indian Ocean across the Pacific Ocean (Lim et al., 2018) allows it to serve as a leading indicator of upcoming tornadic activity once the MJO convection moves into the eastern Pacific Ocean (Baggett et al., 2018) .
Multiple time and space scales contribute to subseasonal and low-frequency variability, including El Niño and the MJO. The former was lingering from boreal autumn 2018, while the latter was becoming active from latter April into early May. While El Niño is known to be less favorable to tornado occurrence Cook et al., 2017) , its modulation of the large-scale circulation is not necessarily unfavorable to tornadic potential. This paradox arises due to its role in the development of a subtropical jet stream over the central and eastern Pacific extending into the Americas. This influence, as illustrated by (Cook et al., 2017) for the later winter months, can be favorable to the development of tornado outbreaks, particularly over the southeastern United States. Indeed, this type of subtropical jet signature was evident in the 4 weeks leading up to the May 2019 event, and the subtropical jet merged with the North Pacific jet for the duration of the event (Figure 4 ), suggesting that ENSO contributed favorably to this anomalous period of tornado activity.
Four weeks prior to the onset of the extended event, the upper-tropospheric jet structure featured a split pattern, with a maxima over the western Pacific (Figure 4 ) and a weaker subtropical jet across the Western Hemisphere. By 3 weeks prior to the event (Figure 4b ), a Rossby wave train was evolving in the upper troposphere across the Pacific-North America region (Leathers et al., 1991;  resembling the negative Pacific-North America pattern identified by Sparrow & Mercer, 2016) , while tropical convection had developed into the Maritime Continent and far West Pacific (Figure 3b ). The hemispheric pattern at that time was loosely consistent with GSDM Stage 2 (Weickmann & Berry, 2007, cf. Figure 13) . Two weeks prior to the event, the Pacific jet further intensified, extending into the central Pacific, consistent with the propagation of the MJO heat source into the equatorial date line region. Simultaneously, the aforementioned Rossby wave train continued to mature and disperse eastward.
By 1 week prior to the event, the north Pacific jet had further intensified and extended across the North Pacific, with wind speeds within the jet for the week of 13-19 May nearly twice the climatological average. The combination of the central Pacific convection, which drove an intensification of the subtropical jet, and the strengthened midlatitude circulation, including blocking in the northeast Pacific, set the stage for wave breaking that subsequently led to a semipersistent CONUS trough. During the first week of the protracted severe weather event, the strong and previously more zonally oriented north Pacific jet transitioned into a meridional configuration associated with persistent western CONUS troughing (Figure 4e ). This pattern continued into the second week of the event, though with slightly less coupling between the subtropical and midlatitude jet branches (Figure 4f ).
Event Prediction: Attribution to MJO and AAM
By mid-April, ERTAF was looking for catalysts to precipitate the breakdown of the strong Pacific jet (i.e., to facilitate a transition from a more zonal to more meridional orientation), anticipating that the transition would result in an active period of CONUS tornado frequency (Gensini & Marinaro, 2016 ). The conceptual model that has emerged from Weickmann and Berry (2007) and Weickmann and Berry (2009) provides for a systematic approach to monitoring the time and space scales of the GSDM and GWO that link climate and weather. Indeed, one key link has emerged between tropical modes and midlatitude AAM variability. This framework is particularly amenable to predicting high-impact weather events on subseasonal time scales because the components comprising the GSDM each have distinct characteristic time scales. Furthermore, the framework links the more predictable evolutions in global and zonal mean AAM, as well as the forcings (e.g., mountain and friction torque) of its time tendency, to regional circulation patterns. It is those latter regional variations that are critical to tornado activity, even though they tend to be less predictable by NWP on subseasonal time scales (Weber & Mass, 2019) .
In an operational forecast setting, it is possible to anticipate high-impact forecasts of opportunity by identifying slow-varying processes involving the forcing and subsequent damping of AAM (involving the mountain and friction torques), including by the MJO, and the regional patterns that transport AAM poleward, including those that project onto well-known teleconnection patterns (Barnston & Livezey, 1987) . Events linking the global and synoptic time and space scales both before and during the 2019 severe weather event were especially well depicted by time-latitude plots of zonally and vertically integrated Earth-relative AAM anomalies ( Figure 5a ) and their daily tendencies (Figure 5b ). Anomalously high (low) AAM is typically associated with anomalously strong (weak) zonal mean winds.
For much of April into early May, there was a belt of anomalously strong zonal winds persisting along 20 • N (blue dashed oval Figure 5a ). This feature was likely related in large part to the ENSO background state, and during this period appears to have caused a buildup of westerly momentum in the subtropical jet stream. By early May, a branch of this anomalous westerly flow began to move poleward and was associated with a concomitant poleward progression of positive tendency anomalies (blue dashed oval on Figure 5b ). Such an evolution in the zonal mean often leads to a collapse of the North Pacific jet stream (Jaffe et al., 2011; Winters et al., 2019) , leading the ERTAF team to anticipate the removal of large amounts of AAM from the Northern Hemisphere AAM budget. The foregoing zonal mean evolution was subjectively consistent with a transition from GSDM Stages 3 to 4 (see Weickmann & Berry, 2007, cf. Figure 14) , during which time the Pacific jet tends to push inland across the western CONUS, leading to high-impact weather there and eastward. A regional jet collapse did indeed occur (black star on Figure 5b ), leading to the development of an anomalous upper-level trough in the western CONUS (Figures 4e and 4f ) during the second half of May 2019.
The other primary forecast signal that ERTAF forecasters recognized involved the previously discussed tropical convective signals. Given observed evolution of an active MJO from the Indian Ocean to the Maritime Continent (represented as evolving through Phases 2-4 of the Real-time Multivariate MJO index (RMM; Wheeler & Hendon, 2004) in late April, and NWP ensemble forecasts of continued MJO evolution from the Maritime Continent into the western Pacific (RMM phases 5-7), the ERTAF group assessed increased odds for previously split flows across the Pacific to resolve into a unified and zonally extended Pacific jet stream. The active MJO for this event is diagnosed as a counterclockwise orbit through time in RMM phase space ( Figure 6 ). Furthermore, extended-range NWP predictions (e.g., ECMWF ensemble and NOAA's CFSv2) suggested a robust transition in RMM phase space through Phases 8-1-2 during the latter half of May. This transition has been linked to enhanced tornado activity (Barrett & Gensini, 2013; Baggett et al., 2018; Thompson & Roundy, 2012; Tippett, 2018) , representing an evolution of the MJO heat source and associated circulation anomalies from the Western Hemisphere back into the Eastern Hemisphere. This is often accompanied by a retraction of the north Pacific jet and formation of a downstream trough over the western CONUS.
Based on these factors, the ERTAF team issued a forecast of "Above Normal" tornado frequency for the U.S. Great Plains eastward into the Midwest and Ohio Valley on 5 May 2019, which was valid for the period 19-25 May 2019. Furthermore, the teams forecast discussion from 28 April 2019 highlighted the likelihood of an active period of severe weather 3-4 weeks into the future. These forecasts likely represent the first successful operational prediction of enhanced CONUS tornado frequency on the subseasonal time scale by leveraging observations, NWP, and recent research findings.
Summary and Discussion
The question of why some periods record anomalously above-climatology tornado frequency has troubled many in the U.S. forecasting community for the past few decades (Barrett & Gensini, 2013; Lee et al., 2012; Marzban & Schaefer, 2001; Thompson & Roundy, 2012; Tippett et al., 2015) . The period 17-29 May 2019 stands as one of the most active in history, and was characterized by more than three times the climatological number of tornadoes for that time of year, occurring over 13 days and encompassing a wide region of Great Plains and Midwestern CONUS. Here, we have illustrated that a persistent upper-level synoptic trough over the western CONUS, with a downstream ridge aloft over the eastern CONUS, were the main synoptic features of interest. Attribution of such synoptic-scale features to larger-scale, and therefore more predictable signals (Grazzini & Vitart, 2015) , remains challenging owing to the complex manner in which processes interact to produce coherent, and therefore potentially predictable, subseasonal evolutions. In the present case, time scales associated with the propagation of the MJO from the equatorial Indian Ocean to the central Pacific Ocean (∼20-30 days, or roughly half a cycle) helped create an anomalous North Pacific jet stream extension and retraction sequence that aligned favorably with a transition in AAM from a relatively high to a low state. Previous research indicates that such MJO and AAM/GWO events can lead to favorable atmospheric conditions for tornadic storms in the U.S. Here, with careful monitoring of such features as 10.1029/2019GL084470 they emerged both diagnostically and in NWP-derived RMM phase space, forecasters were able to use signals within both the MJO and AAM/GWO to anticipate the potential for an extended period of favorable severe weather conditions nearly four weeks in advance. While the forecast metric of above-normal, normal, or below-normal (tercile) levels of tornado activity over a subjective spatial region is among the more simple methods available (Klemm & McPherson, 2017; Hartmann et al., 2002) , this is a unique example of how understanding tropical convection's role in modulating extratropical dynamic processes can be used to identify a forecast of opportunity for an extreme weather event. The event also offers a pathway for developing operational predictions of U.S. tornado activity across a portion of the subseasonal timescale. Finally, this manuscript represents a single case of a successful subseasonal tornado forecast. More cases, including potential null events, should be examined in future work.
